ABSTRACT A cDNA clone for the type I regulatory subunit (RI) of cAMP-dependent protein kinase (ATP:protein phosphotransferase, EC 2.7.1.37) was isolated from bovine testis by a differential screening method. mRNA coding for R' was enriched 50-to 100-fold by polysome immunoadsorption chromatography with affinity-purified rabbit anti-R' and protein A-Sepharose. Poly(A)+ RNA from these polysomes was utilized to construct a cDNA library in pBR322, and this library was screened for hybridization to 32P-labeled cDNAs synthesized from either total or R'-enriched poly(A)+ RNA. Plasmids isolated from colonies showing preferential hybridization to the latter probe were further characterized by hybrid selection and DNA sequence analysis. One of these plasmids (designated 62C12) contains a 1,350-nucleotide insert that hybridized to RI mRNA; partial nucleotide sequence analysis confirmed its identity and indicated that it may contain the entire R' coding region. We also have identified a recombinant plasmid with a 1,550-nucleotide insert that selected through hybridization a mRNA coding for a 55,000-dalton protein that crossreacts with anti-R' antibodies. The function of this latter protein is unknown.
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Changes in the intracellular levels of cAMP can have profound effects on such basic cellular phenomena as growth, metabolism, and differentiation (1, 2) . Both biochemical and genetic evidence suggests that most, if not all, of the biological effects of cAMP in eukaryotes are mediated through the action of cAMPdependent protein kinase (ATP:protein phosphotransferase, EC 2.7.1.37). cAMP-dependent protein kinases have been observed in all mammalian tissues examined thus far and in lower eukaryotes including yeast (3, 4) . The holoenzyme invariably comprises an inactive tetramer of two regulatory (R) and two catalytic (C) subunits. The R proteins bind two molecules of cAMP per monomer, and the binding of cAMP leads to dissociation of the complex with the release of active C subunits (5, 6) . Two major classes (designated types I and II) of cAMPdependent protein kinase are present in most mammalian cells, though the ratio of their activities varies. The two isotypes appear to contain identical C subunits but distinct R proteins (termed R' and R", respectively) (1) .
The catalytic activity of cAMP-dependent protein kinase can be regulated by changes in the intracellular levels of cAMP; many hormones utilize this mechanism by interacting with cellsurface receptors, which then couple to adenylate cyclase and stimulate cAMP production. A well-characterized example of this type of regulation is the stimulation of glycogenolysis by epinephrine in skeletal muscle (2) . A variety of evidence suggests that in addition to this form of regulation, there is a second level of cAMP-dependent protein kinase control that occurs through changes in either the form or concentration of the R subunits. Altered levels of R' and R" are observed in cells undergoing changes in cellular proliferative potential, such as differentiation (7) (8) (9) (10) and transformation (11, 12) . However, the evidence pertaining to this level of control is fragmentary and, in some cases, controversial.
To further analyze the role of changing R concentrations in the regulation of cellular phosphorylation, we isolated a cDNA clone for the type I regulatory subunit of the bovine cAMP-dependent protein kinase. The availability of this clone will allow us to characterize the transcriptional and translational control of R' synthesis and to examine the structure of the R' and related genes.
MATERIALS AND METHODS Materials. Bull testes were obtained fresh, immediately frozen in liquid nitrogen, and stored at -70°C prior to use.
Enrichment of R' mRNA. Approximately 25 g of frozen testis were disrupted with a Polytron in 25 mM Tris chloride, pH 7.5/25 mM NaCl/5 mM MgCl2/2% Triton X-100/1 mg of heparin per ml, and the polysomes were isolated by precipitation with Mg2' as described (13) . The resulting polysomes (=900 A2o units) were resuspended in 50 mM Tris chloride, pH 7.5/ 150 mM NaCl/5 mM MgCl2/0.1% Nonidet P-40/100 ,g of heparin per ml (buffer A) and then either frozen at -70°C or used immediately for immunoadsorption. Polysomes were centrifuged for 20 Chromatography of Translation Products on N6-Aminoethyl-cAMP-Sepharose. After incubations, in vitro translation reactions were diluted to 1.0 ml with 50 mM 4-morpholinepropanesulfonic acid, pH 6.8/1% sodium deoxycholate/1% Triton X-100/1 mM 2-mercaptoethanol/10 mM methionine (buffer C), and bovine serum albumin was added to 2 mg/ml. Samples were then loaded on small (50 ,ul) columns of N6-aminoethylcAMP-Sepharose; the columns were washed first with buffer C and then with buffer C modified by the addition of 2 M NaCl. The column material was removed and centrifuged, and the pellet was resuspended in 100 ,ul of buffer D. After being boiled, the entire sample was electrophoresed on a 12% polyacrylamide gel.
Construction of a cDNA Library. The cDNA library was constructed from poly(A)+ RNA enriched for R' mRNA essentially as described by Land (16) . Briefly, single-stranded cDNA was synthesized as described (17) and tailed with low specific activity [3H]dCTP by using terminal transferase (Bethesda Research Laboratories); the second strand was then synthesized by using reverse transcriptase with oligo(dG)12-18 as the primer.
The double-stranded cDNA was again tailed with [3H]dCTP and then inserted into the dG-tailed Pst I site of plasmid pBR322. This method of tailing should reconstruct functional Pst I sites at both ends of the insert. The chimeric plasmid population was used to transform the RR1 strain of Escherichia coli; those resulting bacterial colonies that were resistant to the action of tetracycline were picked into microtiter plates and stored according to Gergen et aL (18) .
Identification of RI Clones. Differential screening of colonies was carried out with cDNAs synthesized from unenriched and RI-enriched poly(A)' RNAs as described (18 /0.5% NaDodSO4/ 0.1% sodium pyrophosphate and then at 450C in 5 mM Tris chloride, pH 7.5/0.5% NaDodSO4/2.5 mM EDTA/0.1% sodium pyrophosphate. Filters were then air dried and subjected to autoradiography. Selection of mRNA by hybridization with isolated plasmids was carried out as described (21) . DNA sequence was determined by the method of Maxam and Gilbert (22) with restriction fragments end-labeled with [y-32P]ATP. Nicktranslation was carried out essentially as described (23) .
RESULTS
Enrichment of RI mRNA. Enrichment of R' mRNA was carried out by using the technique of specific polysome immunoadsorption. Polysomes were isolated from bull testis by precipitation with Mg2+. The resuspended polysomes were then allowed to react with affinity-purified rabbit anti-R' antibody, and the resultingpolysome-IgG complex was isolated by adsorption to protein A-Sepharose. The degree of enrichment was assessed by polyacrylamide gel analysis of the anti-R' immunoprecipitated in vitro translation products obtained in a rabbit reticulocyte system from starting and immunoadsorbed poly(A)+ RNAs as shown in Fig. 1 (1983) ditional diffuse band of =55 kDa will be discussed below. The identity of the 50-kDa band as RI was further confirmed by the findings that it was not immunoprecipitated by antibodies other than anti-R' (data not shown) and that its intensity was reduced when the immunoprecipitation was carried out in the presence of increasing amounts of nonradioactive RI protein (Fig. 1, lanes c-g). Similar analysis of the translation products obtained from nonenriched RNA (Fig. 1, lane a) indicated that an analogous band (not visible in Fig. 1 ) could be faintly observed only after long exposures. Quantitation of the radioactivity immunoprecipitated from translations of starting and immunoadsorbed RNAs suggested an apparent enrichment of 50-to 100-fold and indicated that the mRNAs coding for RI (and the 55-kDa protein)
represented 2-5% of total mRNA in the enriched fraction (data not shown).
Concomitant Enrichment of an RI-Related Protein. As described above, the in vitro translation yielded, in addition to the discrete band corresponding to RI, a diffuse product of higher molecular weight that was also immunoprecipitated by anti-R' (Fig. 1, lane b) . A comparison of lanes a and b in Fig. 1 indicates that the mRNA coding for the 55-kDa protein is also significantly enriched from total polysomal RNA by immunoadsorption with anti-R' IgG. As in the case of RI, immunoprecipitation of the 55-kDa protein was specific to the use of anti-R' antibody (data not shown) and was competitively inhibited, in a manner qualitatively similar to that of the RI protein, by the presence of increasing amounts of nonradioactive RI (Fig. 1, lanes c-g) . These results are consistent with but do not prove the hypothesis that the 55-kDa protein is antigenically related to RI and not merely a contaminant of the original RI antigen. It should be noted that because the molecular weight of the 55-kDa protein is similar to that of the type II regulatory protein, we also examined the ability of rabbit anti-R" antibodies to immunoprecipitate this protein.
However, these latter antibodies were found to be completely ineffective (data not shown).
Binding of in Vitro Translation Products to N6-AminoethylcAMP-Sepharose. RI contains two binding sites for cAMP and binds tightly to cAMP affinity columns. Therefore, we tested the ability of in vitro synthesized RI and the 55-kDa protein to bind cAMP by chromatography of translation products on columns of N6-aminoethyl-cAMP-Sepharose. Fig. 2 , lane d, shows that (consistent with authentic RI) the putative R' product does indeed bind to cAMP-Sepharose, further confirming its identity. The 55-kDa protein, on the other hand, showed relatively little, if any, binding under the conditions used (compare lanes a and d in Fig. 2 ).
Identification of cDNA Clones for R' and the 55-kDa Protein. The RI-enriched poly(A)+ RNA fraction was used to construct a cDNA library in pBR322. This library was then screened for the presence of RI sequences by differential hybridization to cDNA probes made from either total poly(A)+ RNA or the Rl-enriched mRNA fraction. A representative result is shown in Fig. 3 in which duplicate sets of colonies were hybridized to the two probes. Two colonies (indicated by arrows) are visible that hybridized strongly to cDNAs enriched for R'-sequences (Fig. 3B) but not to cDNA made from total RNA (Fig.   3A ).
The identity of clones that showed preferential hybridization to RI-enriched cDNA was further analyzed by hybridization selection and in vitro translation of the eluted mRNA. The results obtained with two of these plasmids (designated 56A12 and 64B11) are shown in Fig. 4 . Lane b shows that when 56A12 plasmid DNA (which contained an insert 680 nucleotides long) was used in the analysis, it selected a mRNA that, in the in vitro translation system, gave rise to a product comigrating with au- thentic R' subunit. This product was not observed when the host plasmid pBR322 was used in the selection (Fig. 4, lane a) or when the immunoprecipitation of translation products was carried out in the presence of an excess of nonradioactive R' (Fig. 4, lane c) examined, a prominent band that comigrated with R' was observed when the hybrid selection was carried out with 56A12 DNA (Fig. 4 , lane e) but not with pBR322 DNA (Fig. 4, lane  d ). These results demonstrate that 56A12 contains sequences that are homologous to the mRNA for R'.
56A12 did not select mRNA for the 55-kDa protein (Fig. 4) . Instead, we identified an independent clone, designated 64B11, that appears to represent a clone of the 55-kDa protein. When 64B11 plasmid DNA was used in the analysis, it selected a mRNA that gave-rise to a diffuse translation product comigrating with the 55-kDa protein (Fig. 4, lane g ), and this product was not observed when pBR322 DNA was used in the selection (Fig.  4, lane f) . Gel analysis revealed that plasmid 64B1I contained an insert 1,550 nucleotides long.
To determine whether plasmids 56A12 and 64B11 contained complementary sequences and to isolate a larger RI clone, we rescreened a cDNA library of 1,550 colonies in duplicate with the respective nick-translated inserts that were removed from plasmid DNA by digestion with Pst I. The RI (56A12) and 55-kDa (64B11) inserts hybridized efficiently to 13 and 10 independent colonies, respectively, and there was no overlap between the two groups of positives (data not shown). Thus, in agreement with the results of selection by hybridization, there was no apparent cross-hybridization between the clones of RI and the 55-kDa protein under the high-stringency hybridization conditions used. Plasmid DNA was isolated from the largest of the RI cross-hybridizing clones (designated 62C12) and was also shown by hybridization selection/translation to contain sequences complementary to RI mRNA (data not shown). The size of the 62C12 insert was found to be l1,345 nucleotides.
Partial restriction maps of the RI clones (56A12 and 62C12) and 55-kDa-protein (64B11) clone are shown in Fig. 5 . The identical array of Sst I, Bgl I, Pst I, and HinclI sites suggests that the 56A12 insert corresponds to the left-hand region of the larger R' clone. Note that one of the terminal Pst I sites of clone 62C12 was apparently not reconstructed during the cloning. The restriction map of clone 64BIl is shown in line c; there is no apparent similarity between the restriction maps of the clones for RI and the 55-kDa protein.
To further confirm the identity of the putative RI clones, we determined the nucleotide sequence of a region in the middle of the 62C12 insert. The sequence was determined in the rightward direction from the Xho-I site and is shown in Fig. 6 . This sequence of 57 nucleotides predicts, in one of the possible reading frames, a stretch of 19 amino acids that is identical to a sequence independently found to occur in the RI protein (isolated from bovine skeletal muscle) beginning at amino acid po- . This correspondence of amino acid and nucleotide sequence not only confirms the identity of the R' clone but also reveals its orientation (shown in Fig. 5, line b) . In addition, the size of the insert and the position of the 19 amino acids with respect to the total insert suggests that clone 62C12 may contain the entire protein coding sequence and some noncoding regions as well.
DISCUSSION
We report here the isolation of a cDNA clone for the R' subunit of bovine cAMP-dependent protein kinase. The availability of this clone will permit detailed studies on the regulation of the R gene and, therefore, should shed further light on the mechanisms that control R' levels during cell proliferation, differentiation, and transformation. In addition, it will allow us to analyze the structural organization of the R' and related genes. As an initial step in this analysis, we have determined that the R' cDNA clone hybridizes to a single Xba I fragment of =12 kilobases in Southern blots of bovine genomic DNA (J. Chrivia, personal communication).
Our results indicating the presence of a 55-kDa protein that may be antigenically related to R' are of interest in the light of previous observations reporting the induction of new R-like forms in response to cell differentiation (7) and transformation (12) . We have determined that this protein is present in testis tissue but is not evident in a number of bovine cell lines that are synthesizing R' (unpublished observations). Our observation that the 55-kDa protein synthesized in vitro does not bind efficiently to cAMP affinity columns is significant but may simply result from the fact that the in vitro product is incompletely processed or modified. Alternatively, the 55-kDa protein may indeed bind cAMP but with a reduced affinity compared to RI.
